Introduction
============

Alzheimer's disease (AD), a common age-related progressive neurodegenerative disease, is characterized by progressive neuronal loss in the hippocampus and cortex, with the accumulation in the brain of extracellular neuritic plaques caused by β-amyloid (Aβ) peptides as well as intracellular neurofibrillary tangles induced by hyperphosphorylated tau proteins, resulting in irreversible memory loss and declined cognitive functioning ([@B7]; [@B1]). Clinical studies report that up to 45% of patients suffer from sleep disturbances as well as sleep-wake rhythm disturbances, which tends to be one of the earliest symptoms in the development of AD ([@B23]). Recently, human and transgenic animal studies show that amyloid deposition and tau aggregation directly cause sleep impairment ([@B29]; [@B19]). Besides, dysfunction of neurotransmitter systems responsible for sleep including the cholinergic system, and physiological alterations in the suprachiasmatic nucleus (SCN) and pineal gland, as well as reduction of precuneus volume have been reported to be associated with sleep disturbance in patients with AD ([@B30]; [@B35]; [@B20]). Therefore, sleep deprivation is initially considered to be a biomarker of a subclinical neurodegenerative process, such as AD.

Recently, many studies demonstrate a relationship between sleep deprivation and AD that sleep deprivation is not only a simple biomarker of AD but a direct contributor to its pathogenesis ([@B8]). Patients with mild cognitive impairment, the early stage of AD, have sleep disturbance before any cognitive impairment, suggesting sleep disturbance may precede clinical diagnosis of AD years in advance ([@B14]; [@B34]). The previous study concludes that sleep deprivation has high comorbidity with many neurodegenerative disorders ([@B33]). Clinical studies show that sleep deprivation increases cerebral Aβ production, and in AβPPswe/PS1∆E9 transgenic mouse model of AD, extended wakefulness results in more Aβ plaques deposition ([@B17]; [@B31]). Also, sleep deprivation is correlated with Glycogen synthase kinase 3 (*GSK3*) activation, which causes the phosphorylation of tau and the formation of neurofibrillary tangles ([@B2]). In A βPPswe/PS1∆E9 transgenic mice, chronic sleep deprivation induces an increased number of p-tau (T231) positive neurons and p-tau (T231) protein level, and these pathological alterations still remain even three months after sleep deprivation termination ([@B28]). Furthermore, sleep deprivation also contributes to a striking neuronal mitochondrial damage, caspase cascade activation, and neuronal apoptosis in the hippocampus which are all associated with the pathogenesis of AD ([@B28]; [@B1]). These similar pathological alterations suggest sleep deprivation may be a risk factor for AD development.

The hippocampus plays a crucial role in the formation of spatial, contextual, and declarative memories ([@B21]), and it is one of the first regions in the brain to suffer damage during AD progression ([@B5]; [@B6]; [@B10]). A recent study reports sleep deprivation disrupts hippocampal function and synaptic plasticity, a neural correlate of memory ([@B27]). It is well-known that sleep deprivation impairs memory, and hippocampus-dependent memory consolidation is particularly sensitive to sleep loss ([@B26]). The consolidation of memories includes synaptic consolidation and systems consolidation, both of which can be regulated by sleep deprivation ([@B13]). Thus, the hippocampus may be an important region on memory impairment caused by both sleep deprivation and AD, and the similarities and differences in molecular impacts of the two disorders on hippocampal function should be deserving of attention.

Recent findings have identified several signaling pathways and molecules affected by sleep deprivation or AD in the hippocampus ([@B25]). However, the related mechanism remains unclear. Here, we compared the gene expression profiles of the hippocampus of sleep deprivation or AD mouse models to its matched controls and identified the conserved differentially expressed genes (DEGs) between them. These common DEGs may be the potential molecular targets involved in the underlying mechanisms.

Materials and Methods
=====================

Datasets information
--------------------

Two Gene Expression Omnibus (GEO) datasets were downloaded. GSE53480 dataset included gene expression data of hippocampus from rTg4510 Tau transgenic mice and the littermate wild-type mice. Both of the AD mice models and control mice were C57BL/6J strains ([@B25]). Mice were euthanized at 4 months of age. GSE33302 dataset included gene expression data of hippocampus from sleep deprivation mice and time-matched non-sleep-deprived control mice. C57BL/6J mice (2-4 months of age) were housed individually on a 12 h/ 12 h light-dark schedule with lights on at 7 am which is set as Zeitgeber time (ZT) 0 ([@B33]). Each mouse was handled daily for 3-6 days before sleep deprivation. Sleep deprivation began between ZT4 and 6 and carried out in the mice's home cages for5h by gentle handling. Hippocampal dissections were performed immediately following the behavioral treatment.

Identification of DEGs
----------------------

All data were extracted and downloaded from Series Matrix File(s). R software was used to pre-process the data via background correction and quantile normalization. "Impute" package ([@B12]), a package of R, was applied to complement the missing expression by using the adjacent value. Then, we obtained a file containing available Entrez Gene identifiers and their corresponding expression values.

Limma package, a package of R, was used to identify DEGs in AD mice or sleep deprivation mice compared with their control mice by using empirical Bayes (eBayes) method ([@B32]). The log2 (fold change) of each gene was calculated. To correct for multiple testing, the \`fdr' function was used to adjust the p-value of each gene by using the Benjamini and Hochberg's approach to control the false discovery rate. Log2(fold change) \>0.15 and p \<0.05 were set as the threshold. We used sva R package to decrease the Batch effect of GSE53480 and GSE33302 in the previous Differentially Expressed Genes (DEGs) Analysis.

To identify the common DEGs changed in both AD mice and sleep deprivation mice, we overlapped the whole DEGs in the two disorders. And common *DEG*s showing similar change patterns in the two disorders were further sorted out.

Functional enrichment analysis
------------------------------

The common DEGs showing similar change patterns in the two disorders were used to analyzing functional enrichment analysis by using GO.db ([@B11]), KEGG.db ([@B22]) and KEGG REST, R packages. The threshold for significantly enriched GO biological processes and KEGG pathways was set as p-value \<0.05.

Results
=======

Identification of DEGs in Alzheimer's disease (AD)
--------------------------------------------------

GSE53480 dataset including gene expression data of hippocampus from the rTg4510 Tau transgenic mouse models (AD mouse models) and wild-type mice was downloaded and analyzed. Compared to wild-type mice, 382 DEGs were identified in rTg4510 mice hippocampus, at a threshold of p value \<0.05 and log2(fold change) \>0.15, including 180 up-regulated DEGs and 202 down-regulated DEGs (top 50 up-regulated *DEG*s were shown in [Table 1](#t1){ref-type="table"}). The cluster analysis showed the expression level of each gene in each sample. In the heat map, the left four columns represent samples from wild-type mice, and the right four columns represent samples from rTg4510 mice) ([Figure 1A](#f1){ref-type="fig"}). The volcano plot revealed the p-value and log2 (fold change) of each gene in rTg4510 mice compared with wild-type mice, and the green and red points represent DEGs ([Figure 1B](#f1){ref-type="fig"}).

Table 1The top 50 up-regulated DEGs in AD mice compared with wild-type mice.DEGsLog FCp-valueCcl62.6546611.01E-05C1qb2.0371888.02E-07C1qa1.8698962.23E-06Cd141.5366674.49E-06Ctsc1.2542978.38E-08Man2b11.1900782.97E-08Irf81.1710941.11E-05Cd91.1103651.34E-05Serping11.0104430.012721Lcp10.9332818.77E-06Srgn0.9049226.09E-06Npc20.8717711.40E-07Itgb50.8582552.27E-06Serpinf10.8065631.91E-06Clic10.7651822.00E-05Tnfrsf1a0.7476821.35E-06Rnase10.7355470.012204Nfe2l20.7185682.04E-05Sparc0.7132551.68E-05Lamp20.6994530.000296Sgk10.6978130.000358Vsir0.6942450.00031Bgn0.6830470.042412Kcne1l0.6692450.001091Pmp220.6559381.58E-05Rgs100.654018.01E-05Slc22a40.6445830.001629Aldh1a10.6418490.000484Hist1h1c0.6313020.003537Ctla2b0.6257810.007986Ifitm20.6220050.031678Tspo0.6030730.000192Prnp0.6011728.51E-05Gsn0.5988280.000327Sdc40.5892195.40E-07Cp0.5889320.040956Magel20.5556380.015686Cpq0.5524480.005398Hspb80.5498440.000749Creg10.5489326.59E-07Apoc10.5475260.000109Lox0.5460160.000962Apod0.5460160.044451Lsp10.5451560.001374Emp10.5382030.038335Gm56370.5358070.000113Cyp1b10.5227340.045007Serpinf20.516120.023Tubb60.513752.96E-05Id30.5135940.000866

Figure 1The DEGs in AD mice compared with wild-type mice. A: Heat map analysis. B: Volcano plot analysis. Green represents down-regulated.DEGs, red represents up-regulated DEGs.

Among these DEGs, Complement C1q Subcomponent Subunit B (*C1qb*) and Cluster of differentiation 14 (*Cd14*) were highly expressed in AD mouse models compared with wild-type mice. A previous study also showed an increased level of *C1qb* in the senescence-accelerated mouse/prone 8 (*SAMP8*), a suitable animal model to investigate the fundamental mechanisms of age-related learning and memory deficits, and after treated with Huang-Lian-Jie-Du decoction which has the ability to ameliorate the learning and memory function of central nervous system, *C1qb* was decreased ([@B18]), suggesting that overexpression of *C1qb* may be closely associated with memory impairment. *CD14* is a critical regulator of the microglial inflammatory response modu lating Aβ deposition, and deletion of *CD14* attenuates AD pathology, suggesting its overexpression is also a risk factor for AD ([@B3]).

Determination of differentially expressed genes in sleep deprivation
--------------------------------------------------------------------

GSE33302 dataset, including gene expression data of hippocampus from sleep-deprived mice and time-matched non-sleep-deprived control mice, was analyzed. Compared to control mice, a total of 1149 genes were differentially expressed in sleep deprivation mice at a threshold of p-value \<0.05 and log2(fold change) \>0.15, which consisted of 470 up-regulated genes and 679 down-regulated genes (top 50 up-regulated DEGs were shown in [Table 2](#t2){ref-type="table"}). A heat map showing the expression levels of all 1149 DEGs were generated. The left eight columns represent samples from sleep deprivation mice, and the right nine columns represent samples from non-sleep-deprived control mice ([Figure 2A](#f2){ref-type="fig"}). The volcano plot revealed the p-value and log2(fold change) of each gene in sleep deprivation mice compared with nonsleep-deprived control mice, and the green and red points represent differentially expressed genes ([Figure 2B](#f2){ref-type="fig"}).
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Figure 2The DEGs in sleep deprivation mice compared with non-sleepdeprived control mice. A: Heat map analysis. B: Volcano plot analysis. Green represents down-regulated. DEGs, red represents up-regulated DEGs.

Among these DEGs, Fos transcription factor family (*Fos*) and activity-regulated cytoskeleton-associated protein (*Arc*) were highly expressed in sleep deprivation mice compared with non-sleep-deprived control mice. The overexpression of *Fos* in hippocampal neurons in AD has also been reported by [@B18]. *Arc* is a key factor for AD, plays a crucial role in synaptic plasticity, learning, memory, and Aβ generation, and the *Arc* gene in human confers susceptibility to AD in Han Chinese ([@B3]).

Potential molecular targets involved in the impact of sleep deprivation on AD pathogenesis
------------------------------------------------------------------------------------------

Here we overlapped the DEGs between sleep deprivation mice and AD mice. 38 common DEGs were identified, and 16 of them showed a similar change ([Table 3](#t3){ref-type="table"}). The increased DEGs included serum/glucocorticoid regulated kinase 1 (*Sgk1*), lymphocyte antigen 6 complex (*Ly6a*), V-type proton ATPase subunit e 1 (*Atp6v0e*), heat shock protein family B member 8 (*Hspb8*), high-temperature requirement serine peptidase A1 (*Htra1*), pyruvate dehydrogenase kinase 4 (*Pdk4*), 6-phosphofructo-2-kinase/fructose-2, 6-biphosphatase (*Pfkfb3*), Golgi membrane protein 1 (*Golm1*) and perilipin-3 (*Plin3*) were up-regulated in the two disorders. Meanwhile, the rest of them were decreased, including Myristoylated Alanine-Rich C-kinase Substrate protein 1 (*Marcksl1*), guanine-nucleotide exchange factor (*Fgd1*), sucrose-6-phosphate dehydrogenase (*Scarb1*), Mevalonate Diphosphate Decarboxylase (*Mvd*), Kelch-like family member 13 (*Klhl13*), ELOVL fatty acid elongase 2 (*Elovl2*) and Vacuolar protein sorting-associated protein 20 (*Vps29*). Among them, *Sgk1* was highly expressed with the highest fold changes in both sleep deprivation and AD mice.

Table 3A total of 16 common DEGs showed similar change patterns in both sleep deprivation mice and AD mice.Common DEGsLog FC in sleep deprivation mice compared with nonsleep-deprived control miceLog FC in AD mice compared with wild-type miceSgk10.5533333330.6978125Ly6a0.2786601310.510390625Atp6v0e0.2514787580.39078125Hspb80.1616462420.54984375Marcksl1-0.160261438-0.534609375Htra10.2092034310.406328125Pdk40.2138766340.346744792Fgd1-0.168006536-0.422604167Pfkfb30.2205351310.290546875Scarb1-0.182712418-0.341432292Golm10.2493872550.194140625Plin30.1609517970.291510417Mvd-0.162626634-0.258515625Klhl13-0.172769608-0.238541667Elovl2-0.201650327-0.193359375Vps29-0.161968954-0.1528125

To understand the associated pathways of these common genes, GO and KEGG were conducted on these 16 genes. This showed that the common DEGs were mainly related to acetyl-CoA metabolic process and lipid biosynthetic process. Acetyl-CoA metabolic process included *Pdk4* and *Mvd*, whereas lipid biosynthetic process consisted of *Scarb1*, *Pdk4*, *Elovl2*, and *Mvd*. The top 20 significantly enriched GO biological processes were shown in a histogram ([Figure 3](#f3){ref-type="fig"}). KEGG pathway analysis showed that these DEGs were mainly enriched in Phagosome.

Figure 3Top 20 significantly enriched GO biological processes.

Discussion
==========

Here we performed acomparative analysis of the transcriptome profiles of mouse hippocampus of sleep deprivation or AD and identified the common DEGs between them, which were highly related to acetyl-CoA metabolic process and lipid biosynthetic process. These common DEGs may explain the potential mechanism of how sleep deprivation affecting AD development.

Although either sleep deprivation or AD can cause hippocampus dysfunction, the related molecular changes of the hippocampus in mouse models of the two disorders were different. The number of DEGs in sleep deprivation mice (1149 genes) is nearly three times more than that of AD mice (382 genes). Overlapping of the DEGs between them identified 16 common DEGs with the same change direction. Among these common DEGs, the previous studies suggest that some of the induced genes, such as *Sgk1* or *Htra1* or *Pfkfb3*, may play a protective role in AD development while some of them (e.g. *Golm1*) may aid in AD development. In detail, *Sgk1* has been reported to be correlated with the inhibition of Aβ deposition and the improvement of cognitive function and to play an important role in neuronal plasticity, spatial memory and fear-conditioning memory in the hippocampus ([@B16]). Htra1 is demonstrated to cleave Tau ([@B24]) while Tau was proven to be the trigger and bullet in Alzheimer disease pathogenesis ([@B24]). Meanwhile, Pfkfb3 is the rate-limiting enzyme for glycolysis, and inhibition of Pfkfb3 has been proved to cause an accumulation of amyloid protein and vulnerability to Aβ cytotoxicity ([@B9]). Therefore, these three genes were induced by sleep deprivation or AD probably due to a feedback mechanism. In contrast, the genetic variation of *Golm1* was found to be associated with AD. For example, a polymorphism of *Golm1*, rs10868366, has been identified as an AD risk factor ([@B15]). Taken together, some of the common DEGs have been reported to be involved in AD development, suggesting an investigation of the role these overlapped genes may aid to understand how sleep deprivation may promote AD development.

Our further GO biological processes analysis showed that the 16 common DEGs were mainly enriched in the acetyl-CoA metabolic process and lipid biosynthetic process. Pyruvate-derived acetyl-CoA is a principal direct precursor substrate for bulk energy synthesis in the brain ([@B4]). A β-induced deficits in acetyl-CoA are confined to mitochondrial and cytoplasmic compartments of Tg2576 mice nerve terminals, which is the early primary signal for neurodegeneration ([@B4]). These findings suggest a critical role of acetyl-CoA metabolic process in AD. It is reported that lipid metabolism is significantly influenced in neurodegenerative diseases, such as AD, and the dysfunctions can further cause abnormal levels of certain lipids in the brain, cerebrospinal fluid and plasma ([@B36]). Previous studies have reported several lipid biomarkers for AD, including cholesterol, oxysterols, fatty acids, and phospholipids, some of which have a prognostic and diagnosis value, suggesting lipids play a role in the pathogenesis of AD ([@B36]).

There are some limitations to our current manuscript. First, our analyses were done on mouse samples, instead of human samples. However, tissue from sleep-deprived humans is to be difficult to acquire. Therefore, we further analyzed the online databases about human brain tissues with AD. DEGs from human Alzheimer's disease brains (GSE36980 and GSE5281 datasets) were identified using the same cutoff (logFC \>0.15, p \<0.05) as our current analyses, followed by overlapping with the 16 common DEGs in sleep-deprivation mice and AD mice ([Table 3](#t3){ref-type="table"}). Three (*HSPB8*, *FGD1*, *GOLM1*) and five (*MARCKSL1*, *PFKFB3*, *PLIN3*, *MVD*, *VPS29*) overlapped genes were found in GSE36980 and GSE5281 datasets, respectively. It suggests that these genes may play a vital role in the development of human Alzheimer's disease. Second, the batch effect may exist. Although the two datasets used in our study were done on C57BL/6J mouse strains, they are finished in a different lab in different conditions so that we cannot exclude the batch differences may exist in these two independent experiments. Last, although the investigation of the role of these common genes in AD can aid in the understanding of AD development, we should remember that not all sleep-deprived individuals will develop AD. Other factors, such as genetic background, other living habits, and general health conditions, should be considered even though the individuals may have similar changes of these 16 DEGs.

In conclusion, taking advantage of the online databases, we systematically analyzed the transcriptome profiles of mouse hippocampus of sleep deprivation and AD, followed by the identification of the common DEGs between them. Most of the common genes, highly enriched in acetylCoA metabolic and lipid biosynthetic processes, are reported to be associated with neuropathological changes. These findings suggest that sleep deprivation causing neuropathological changes in mouse brains may contribute the AD development by dysregulation of these common DEGs.
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